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The Ni81Fe19/V/Ni81Fe19 heterostructures has been produced by magnetron sputtering and analyzed by
ferromagnetic resonance. Two systems were investigated: the non symmetrical NiFe(50 Å)/V(t)/NiFe
(30 Å) trilayers and the symmetrical NiFe(80 Å)/V(t)/NiFe(80 Å) trilayers, with variable ultrathin V
thickness t. Ferromagnetic exchange coupling was evidenced for t below 10 Å by the excitation of the
optic mode, in the case of the non symmetrical samples, and by the observation of a single resonance
mode for the symmetrical trilayers. For larger V thickness, all samples exhibited two modes, which were
attributed to the resonance of the individual NiFe layers with different effective magnetizations. The
analysis with the equilibrium and resonance conditions provided the exchange coupling constants and
effective magnetizations.
& 2014 Elsevier B.V. All rights reserved.1. Introduction
Thin ﬁlms composed by two ferromagnetic layers separated by
a non-magnetic spacer are excellent prototypes to study the
magnetic and structural properties of multilayers and nanos-
tructures. Several parameters can be manipulated in these sys-
tems, for instance, the layer thickness, the interfacial roughness
and even the crystal structure, which can strongly affect the
magnetic properties of the whole heterostructure. In this context,
ferromagnetic layers separated by V offer a rich variety of mag-
netic phenomena to be investigated, as, for example, the exchange
coupling and the giant magnetoresistance [1,2]. The Fe/V system,
for instance, presents a superlattice structure, with well deﬁned
interfaces, roughness of the order of 0.1 nm and high structural
coherence length [3]. The insertion of Ni, however, can change the
structural and magnetic properties of the multilayers. In fact the
Ni/V system presents an interfacial Ni dead layer of about 1 nm,
caused by the interfacial roughness and inter-diffusion [4]. Thus,
the NiFe layers separated by vanadium are also expected to show
different structural and magnetic properties. However, there are
few reports focusing on this system [5,6]. In the work of Jung et al.
[6] the NiFe/V/NiFe trilayers were analyzed and they found a low
magnetic interlayer exchange coupling from magnetization mea-
surements obtained with a SQUID magnetometer. In the present. Alayo).work, the magnetic properties in Ni81Fe19/V/Ni81Fe19 trilayers
prepared by magnetron sputtering deposition were analyzed using
the ferromagnetic resonance (FMR) technique. This technique is
one of the most powerful one to analyze magnetic interactions and
anisotropy in ultrathin layers. In FMR experiments of magnetic
multilayers, the interlayer exchange energy can give rise to the
acoustic and optic resonance modes. They arise from the magnetic
interaction between ferromagnetic layers and when the interlayer
coupling is ferromagnetic (antiferromagnetic), the resonance ﬁeld
of the acoustic mode is higher (lower) than of the optic mode [7,8].
In this work it is analyzed the magnetic coupling between NiFe
layer across V by FMR without making a detailed analysis about
the microscopic origin of this coupling.2. Theoretical considerations
In this work, the room temperature ferromagnetic resonance
has been used to study the magnetic properties of the NiFe/V/NiFe
trilayers. In this kind of systems, the free energy per unit area of
the whole structure can be written as [8]:
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This energy includes the magnetic energy per unit volume of
each ferromagnetic layer E1 and E2, times the thickness of the
respective ferromagnetic layer, t1 and t2; these energies include
ab
Fig. 1. X-Ray reﬂectivity proﬁles of the NiFe(50 Å)/V(t)/NiFe(30 Å) trilayer for (a)
t¼100 Å and (b) t¼5 Å. Solid lines are the experimental data and open circles are
theoretical curves.
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and the uniaxial anisotropy. The bilinear exchange coupling con-
stant J describes the magnetic interaction between magnetization
vectors of ferromagnetic layers, represented by
→
M1 and
→
M2. Al-
though Eq. (1) must also include the biquadratic exchange cou-
pling energy [9,17], here it has not been considered because only
ferromagnetic coupling has been observed. This phenomen-
ological model for exchange coupling in multilayers does not make
any analysis about the microscopic origin of this coupling.
The FMR dispersion relations can be obtained using the free
energy of Eq. (1) and the method proposed by Smith and Beljers
[10]. This one results in four resonance frequencies, but at most
two of them have physical meaning. One solution corresponds to
the rf components of the two magnetizations resonating in phase
and it give rise to the acoustic mode. The other frequency results
from the out-of-phase resonance of the rf component of the two
magnetizations and it give rise to the optic mode. The later is due
to the interlayer exchange interaction. In experiments at a con-
stant frequency, we refer to the resonance ﬁelds instead the re-
sonance frequencies for both the optic and acoustic modes.
Moreover, for trilayers with ferromagnetic coupling, the optic
mode is observed at lower resonance ﬁeld side of the acoustic
mode at any orientation of the applied magnetic ﬁeld with respect
to the ﬁlm plane.
In the case of non-coupled layers (J¼0), the magnetization
vectors resonate independently and the equilibrium condition and
dispersion relation, for each layer are given by [7]:
θ θ π θ θ− =H Mcos( ) 4 sin cos (2)H eff
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where θH and θ are the angles of the applied ﬁeld H and of the
magnetization vectors with respect to the ﬁlm normal, respec-
tively, ω is the angular microwave frequency and γ¼ge/2 is the
gyromagnetic ratio, where g is the Landé factor. The effective
magnetization is deﬁned as 4πMeff¼4πMSHk, where 4πMS is the
saturation magnetization and Hk is the perpendicular anisotropy
ﬁeld. By ﬁtting the experimental data of the absorption ﬁeld of
each mode as a function of θH, with the equations above, the ef-
fective magnetization and the effective anisotropy constants can
be calculated.3. Samples and experimental details
The ﬁlms were prepared at room temperature in a magnetron
sputtering system, over Si(100) substrates in an Ar ambient with a
constant working pressure of 2.0103 Torr; the base pressure
was close to 5.0108 Torr. One of the series of samples are the
Si/NiFe(50 Å)/V(t)/NiFe(30 Å)/Ta heterostructures, with the V
thickness of t¼5, 7, 8, 9, 10, 15, 20 and 100 Å. In this series, the
NiFe layers have different thickness. The other series of samples
are the Si/Ru(100 Å)/NiFe(80 Å)/V(t)/NiFe(80 Å)/Ta hetero-
structures, where the NiFe layers have the same thickness and the
V layer has a variable thickness of t¼5, 10, 15, 20 and 30 Å. The
deposition rates were about 1.0 Å/s for NiFe and Ru and 0.5 Å/s for
V and Ta. These rates were obtained with thick calibration ﬁlms, of
each material, previously deposited and then analyzed by x-ray
reﬂectivity at room temperature.
Regarding to the interfacial roughness and inter-diffusion, the
miscibility of Fe and V is low [11] and the good quality of the Fe/V
interfaces has been demonstrated in several works [3,12], inwhich, interfacial roughness of about 1 Å were reported. However,
the presence of Ni must increase the roughness and interdiffusion
of the interfaces due to the higher miscibility between Ni and V
[13]. In fact, studies performed in Ni/V multilayers [4], reported a
magnetically dead layer of about 8 Å. For the NiFe/V/NiFe trilayers
analyzed here, the x-ray reﬂectivity measurements for some
samples are shown in Fig. 1. From simulations of the reﬂectivity
proﬁles we can obtain the thickness of the layers and the inter-
facial mean square roughness. Solid lines in Fig. 1 are the experi-
mental data and open circles are the calculated curves obtained
with the WINGIXA program from Phillips. The layer thicknesses,
obtained from simulations, are close to those estimated with the
deposition rates and the mean square roughness are approxi-
mately 4 Å.
The FMR measurements were performed using a high sensitive
Bruker EPS-3000 spectrometer, operating at the X-band micro-
wave frequency (9.79 GHz) and swept static magnetic ﬁeld. The
FMR spectra were taken using standard modulation and phase
sensitive detection techniques, with the ﬁlm at the center of a
high-Q cylindrical resonant cavity. All measurements were per-
formed at room temperature and constant frequency, varying the
orientation between the applied magnetic ﬁeld and the ﬁlm
normal.4. Results and discussion
4.1. The NiFe(50 Å)/V(t)/NiFe(30 Å) trilayers system
The perpendicular FMR spectrum (θH¼0) of the trilayer sample
with t¼5 Å is shown in Fig. 2, where two resonance modes are
identiﬁed as the optic and acoustic modes. In this orientation, the
acoustic mode has a resonance ﬁeld of 11.73 kOe and a linewidth
of 58 Oe, whereas, the optic mode has a resonance ﬁeld of
8.83 kOe and a linewidth of 129 Oe. The optic mode has a re-
sonance ﬁeld lower than that for the acoustic mode, which evi-
dences a ferromagnetic coupling between NiFe layers. In the inset
(a) of the same ﬁgure is presented the parallel FMR spectrum
(θH¼90°) of the same sample, in which we observe also the two
modes that were identiﬁed as the acoustic and optic modes. In this
orientation, the acoustic mode has a resonance ﬁeld of 1.28 kOe
and linewidth of 50 Oe, while the optic mode has a resonance ﬁeld
ab
Fig. 2. FMR spectrum measured with the applied magnetic ﬁeld perpendicular to the ﬁlm plane of the NiFe(50 Å)/V(5 Å)/NiFe(30 Å) trilayer. Inset (a) shows the FMR
spectrum measured with the applied magnetic ﬁeld parallel to the ﬁlm plane and inset (b) shows the out-of-plane angular dependence of the resonance ﬁelds for the same
sample.
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mode (Ia) is large with respect to the optic mode (Io); the ratio
between them, in the perpendicular orientation, is Ia/IoE7.0. This
large difference between the intensities is since for the acoustic
mode, the rf component of the magnetic moment in each layer
resonates in phase, while for the optic mode, these components
resonates out of phase. Thus, a strong (weak) intensity is expected
for the acoustic (optic) mode. Furthermore, we also have to take
into account contributions from the local magnetization of the
layers, which are inﬂuenced by the ﬁlm thickness in the ultrathin
regime, but this is discussed conveniently for non coupled NiFe/V/
NiFe trilayers in a paragraph bellow. The resonance ﬁeld of the
optic mode is lower than that of the acoustic mode in all the out-
of-plane angular dependence of the resonance ﬁelds. This is clearly
observed in the inset (c) of Fig. 2, which shows the Hr vs. θH curve
for the same sample.
For exchange-coupled trilayers, the exchange energy in-
troduces an extra ﬁeld to the dispersion relation of the optic mode,
given by [8]:
⎛
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where Hex is the difference between the resonance ﬁelds of the
optic and the acoustic mode in the perpendicular orientation, J is
the interlayer exchange energy per unit area between ferromag-
netic layers, t1 and t2 are the thicknesses of the ferromagnetic
layers. For ferromagnetic coupling, the signal of Hex is considered
positive, while for antiferromagnetic coupling it is negative. For
the trilayer sample of Fig. 2, Hex¼2901 Oe. The MS¼550 emu/cm3
value was obtained by magnetization measurements with a SQUID
magnetometer and normalizing it by the volume of the ferromag-
netic material. The main source of error for MS comes from t1 and
t2 values, since they inﬂuence on the volume calculation. The NiFe
layer thickness t1¼53 Å (for the bottom NiFe) and t2¼35 Å (for the
top NiFe) were determined by ﬁtting the respective x-ray reﬂec-
tivity data (shown in Fig. 1), and thus the exchange ferromagnetic
coupling is J¼17.4102 erg/cm2.The FMR spectra of the trilayer sample with t¼7 Å also ex-
hibited two resonance modes, which can be attributed to the in-
phase (acoustic) and out-of-phase (optic) resonances. In the per-
pendicular orientation of the applied magnetic ﬁeld, the intensity
ratio between them is Ia/IoE5.4, indicating a large intensity of the
acoustic mode with respect to the optic mode. The complete out-
of-plane angular dependence of the resonance ﬁelds of both
modes is shown in Fig. 3, in which it is observed that the re-
sonance ﬁeld of the optic mode is always lower than that of the
acoustic mode. Thus, this is also interpreted as a ferromagnetic
exchange coupling between NiFe layers throughout V spacer. From
the perpendicular spectrum, whose resonance ﬁelds are shown in
Fig. 3, Hex¼2290 Oe. The NiFe thickness values obtained from the
x-ray reﬂectivity ﬁtting are t1¼48 Å and t2¼32 Å and
Ms¼550 emu/cm3. Thus the exchange coupling constant for this
sample is J¼12.0102 erg/cm2.
The trilayer sample with V thickness t¼8 Å exhibited a com-
pletely different behavior in the FMR experiments, with respect to
the samples with less V thickness. In Fig. 4 is shown the perpen-
dicular FMR spectra, where we can clearly identify two resonance
modes. However, these modes do not correspond to the acoustic
and optic one. They are associated to the resonance of the in-
dividual bottom NiFe(50 Å) and top NiFe(30 Å) layers of the tri-
layer structure. In this orientation, the mode associated to the
bottom NiFe layer has a resonance ﬁeld of 11.74 kOe and a line-
width of 58 Oe, whereas the mode associated to the top NiFe has a
resonance ﬁeld of 9.40 kOe and a linewidth of 182 Oe. The in-
tensity ratio between these modes, obtained from the normalized
spectra in the perpendicular orientation is I1/I2E2.8, where I1
corresponds to the bottom and I2, to the top NiFe layers.
This signiﬁcant difference between the intensity of the ab-
sorption modes can be explained considering the surface and in-
terface effects on the effective magnetization of the NiFe layers,
since for the ferromagnetic layer thickness studied here (50 and
30 Å), the surface/volume ratio strongly affect the local effective
magnetization. The effective magnetization of the ferromagnetic
layers, given by π π= −M M H4 4eff s k, describes a competition
Fig. 3. Out-of-plane angular dependence of the resonance ﬁelds of the acoustic and
optic modes of the NiFe(50 Å)/V(7 Å)/NiFe(30 Å) trilayer.
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magnetization 4πMs, and the perpendicular anisotropy ﬁeld Hk.
The ﬁrst one is originated from the dipolar–dipolar interaction
(volume contribution) and the other one, from the spin–orbit in-
teraction (surface contribution). When the ferromagnetic layer
thickness is reduced in the ultrathin regime, a spontaneous re-
duction of saturation magnetization occurs. This has been re-
ported, for instance, for pure sputtered NiFe layers sandwiched by
Cu, Ti and Ta [14]. On the other hand, the intensity of the FMR
mode in the perpendicular orientation of the applied ﬁeld is
proportional to the saturation magnetization times the volume of
the respective layer, I¼(ΔH)2.A¼Ms.V. However, in the ratio be-
tween the intensities, the surface of the layers will cancel and this
ratio will get in terms of the magnetization times the thickness of
the respective layer: I1/I2¼(Ms1.t1)/(Ms2.t2). From the data of Fig. 3
in reference [14] we can roughly estimate, by digitalization, that
the saturation magnetization for a NiFe(50 Å) layer capped with TaFig. 4. FMR spectrum measured with the perpendicular orientation of the applied ﬁeld w
(a) shows the parallel FMR spectrum and inset (b) shows the out-of-plane angular depe
sample. The lines in inset (b) are ﬁts of Eqs. (2) and (3) to the data; the parameters useis 4πMs1E7000 G and for a NiFe(30 Å) layer also capped with Ta is
4πMs2E4500 G and thus the corresponding estimated ratio, I1/
I2E2.6, is very close to FMR intensity ratio reported here for the
NiFe(50 Å)/V(8 Å)/NiFe(30 Å) trilayer.
In the perpendicular spectrum, the mode associated to the
bottom NiFe layer has a resonance ﬁeld higher than that of the top
NiFe layer. However, in the spectrum measured with the parallel
orientation of the applied ﬁeld (inset (a) of Fig. 4), the position of
the modes are inverted along the ﬁeld axis. This implies that the
modes crossover at an intermediate angle between θH¼0 and
θH¼90°. This is conﬁrmed by the out-of-plane angular depen-
dence of the resonance ﬁelds of both FMR modes shown in the
inset (b) of Fig. 4. The crossover occurs at θHE9°. This implies that
the precession of magnetization vectors of bottom and top NiFe
occurs independently with no interlayer exchange interaction
between them.
The effective magnetizations, in this case, can be calculated
separately for the top and bottom NiFe layers using the equili-
brium and resonance conditions given by Eqs. (2) and (3). These
values for the NiFe(50 Å)/V(8 Å)/NiFe(30 Å) trilayer sample are
4πMeff1¼8.51 kOe (bottom NiFe) and 4πMeff2¼6.20 kOe (top NiFe).
They were obtained by ﬁtting the data with Eqs. (2) and (3); they
are lower than the well known value of approximately 10.0 kOe for
bulk NiFe. This signiﬁcant difference can be attributed to the sur-
face and interface effects explained above for the absorption in-
tensities. The g factor value using in the calculations for both
modes is g¼2.12. The observation of two well separated modes in
the FMR spectra of Fig. 4 is due to the difference between the
effective magnetization values of the NiFe layers. In fact, con-
sidering the same γ factor for top and bottom NiFe in Eq. (3),
different values of 4πMeff will result in different values of the re-
sonance ﬁeld Hr and thus, the spectrum will exhibit two modes,
corresponding to each independent layer. On the other hand, if the
NiFe layers have the same 4πMeff value, only one resonance mode
would be observed, due to the superposition of the two modes.
For trilayer samples with greater V thickness (t¼9, 10, 15, 20
and 30 Å), we observed the same behavior of that of the sample
with t¼8 Å. This mean, two well separated modes (along the ﬁelda
b
ith respect to ﬁlm plane for the NiFe(50 Å)/V(8 Å)/NiFe(30 Å) trilayer sample. Inset
ndence of the resonance ﬁelds of two modes observed in the spectra of the same
d are explained in the text.
Fig. 5. Out-of-plane angular dependence of the resonance ﬁelds of the two modes
observed for the NiFe(50 Å)/V(100 Å)/NiFe(30 Å) trilayer. Open circles and triangles
are the experimental data and the lines are theoretical curves calculated with Eqs.
(2) and (3).
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θH¼0 (magnetic ﬁeld perpendicular to the ﬁlm plane), the re-
sonance ﬁeld of the mode associated with the bottom layer is
higher than that of the top NiFe and for θH¼90° (magnetic ﬁeld
along the plane), Hr of bottom NiFe is lower that Hr of top NiFe; at
an intermediate angle of θH¼9° the two modes crossover each
other. Thus, no evidence of interlayer exchange coupling has been
observed for these samples. A trilayer sample with large V thick-
ness (t¼100 Å), in which any exchange coupling is absent, was
grown in order to compare the behavior of the resonance modes.
In Fig. 5 is displayed the out-of-plane angular dependence of the
two modes, associated to the top and bottom NiFe layers, which is
identical to the observed one for the samples above. The effective
magnetizations and the intensity ratios for all samples are sum-
marized in Table 1; the Landé factor used in all calculations was
g¼2.12. All the 4πMeff values are lower than that for bulk NiFe due
to the reduction saturation magnetization for ultrathin layers and
also for an interfacial mixing which can lead to alloys formation at
these regions. This is also reﬂected in the ratio between the in-
tensities I1/I2 of the two resonance modes for θH¼0. Reduced ef-
fective magnetizations, calculated from FMR data measured at the
X-band, were also reported for NiFe/Cu/NiFe trilayers with NiFe
thicknesses less than 50 Å [15], grown on Si by sputtering de-
position, in which, the 4πMeff are in good agreement with the
reported ones here.Table 1
Effective magnetizations of the bottom NiFe(50 Å) and top NiFe(30 Å) layers and
ratio between the absorption intensities I1 (bottom) and I2 (top) of the NiFe(50 Å)/V
(t)/NiFe(30 Å) trilayers.
t (Å) 4πMeff(kOe) I1/I2
Bottom NiFe Top NiFe
8 8.51 6.20 2.8
9 8.33 6.19 4.0
10 8.42 5.80 3.0
15 8.50 5.70 3.0
20 8.45 5.70 4.0
100 8.60 6.80 2.04.2. The NiFe(80 Å)/V(t)/NiFe(80 Å) trilayers system
In this system, the layers have the same thickness. The FMR
spectrum for t¼5 Å, at the perpendicular orientation, shows a single
resonance mode, as seen in Fig. 6. This single mode is also observed at
the parallel orientation (inset (a)) and at any θH, without the presence
of any other mode. In inset (b) of the same ﬁgure, is exhibited the out-
of-plane angular dependence of Hr of this unique resonance mode. So
the system behaves as single magnetization that rotates with the
magnetic applied out of the sample plane. The effective magnetization,
calculated with Eqs. (2) and (3) is 4πMeff¼9.50 kOe; the Landé factor
used in the calculations is g¼2.10.
The single resonance mode observed for the sample above, at any
θH, suggests that the NiFe layers exhibit a strong ferromagnetic cou-
pling. As reported in Ref [16], for strong ferromagnetic coupling, only
one mode must be observed and the respective mode position along
the magnetic ﬁeld axis, can be approximately calculated considering
the precession of a single magnetization. Thus, the effective magne-
tization of the whole coupled system is given by [16]:
π
π π
=
+
+
M
t M M t M M
t M t M
4
4 4
(5)eff
eff eff1 1 1 2 2 2
1 1 2 2
Where 4πMeff1 and 4πMeff2 are the effective magnetization of the
bottom and top NiFe layers, respectively. Furthermore, for the
samples analyzed in this section, the saturation magnetization and
the thickness of the NiFe layers are the same. So, the effective
magnetization of the single resonance mode observed for strongly
coupled layers can be simpliﬁed as π π π= +M M M4 (4 4 )/2eff eff eff1 2 .
An effective gyromagnetic ratio given by, which can be simpliﬁed
as γ γ γ γ γ= +/( )eff 1 2 1 2 is also expected for the strongly coupled layers,
where γ1 (γ2) corresponds to the bottom (top) NiFe layer. However,
as will see in the paragraphs bellow, the g factor of both ferro-
magnetic layers are the same and then, the γeff factor does not
change with respect to a single NiFe layer. Although, a numeric
value of the ferromagnetic exchange coupling constant is not gi-
ven, due to absent of the optic mode, evidences of this coupling
are clearly provided by the effective magnetization values, as will
see below. The optic mode intensity is relatively small, if compared
with the acoustic mode, and it depends on the difference between
the internal anisotropies of ferromagnetic layers and on the ex-
change coupling [8]. If the layers have the same uniaxial magnetic
anisotropy (or approximately the same) then the intensity of the
optic mode is zero (or approximately zero).
The trilayer samples with V thickness of t¼10, 15, 20, 25 and
30 Å exhibited two resonance modes at any θH. In Fig. 7 it is shown
the representative FMR spectrum for the NiFe(80 Å)/V(25 Å)/NiFe
(80 Å) trilayer sample measured with θH¼0. These modes are
associated to each independent NiFe layer. The very narrow shape
of the absorption derivative of the FMR spectra allows for clearly
determine, form the experimental data, the resonance ﬁeld at the
perpendicular orientation of the applied ﬁeld. They are 12.87 kOe
for the bottom NiFe and 12.56 kOe for the top NiFe. The peak to
peak linewidth for both modes is ΔH¼43.0 Oe. However, in the
parallel orientation, as shown in the inset of the ﬁgure, the modes
are superposed and the respective resonance ﬁelds have been
determined by ﬁtting the spectrum with lorentzian derivative
curves. They are 1.02 kOe for the top NiFe and 1.00 kOe for the
bottom NiFe. In the perpendicular orientation, the ratio between
the intensities of the modes is I1/I2¼1.04, as expected for NiFe
layers with the same thickness and saturation magnetization.
The position of the peaks of both resonance modes of Fig. 7
follows Eq. (3). These positions are shown in Fig. 8, in which it can
be seen that a crossover between the modes along the ﬁeld axis
occurs at θH¼7°. This implies that the magnetizations of the NiFe
layers rotate independently to each other, with the magnetic ﬁeld,
ab
Fig. 6. Single FMR mode observed for the perpendicular orientation of the applied ﬁeld with respect to ﬁlm plane for the NiFe(80 Å)/V(5 Å)/NiFe(80 Å) trilayer sample. Inset
(a) shows the parallel FMR spectrum and inset (b) shows the out-of-plane angular dependence of the resonance ﬁelds of single mode observed in all spectra of the same
sample. The line in inset (b) is a ﬁt of Eqs. (2) and (3) to the data; the parameters used are explained in the text.
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calculated by ﬁtting Eqs. (2) and (3) to the data are
4πMeff1¼9.62 kOe for the bottom NiFe and 4πMeff2¼9.33 kOe for
the top NiFe. The Landé factor used in the calculation is g¼2.12.
These effective magnetizations are close to the well known value
of 10.0 kOe for bulk NiFe, due to the relatively large NiFe layer
thickness.Fig. 7. FMR spectrum measured with the perpendicular orientation of the applied ﬁeld w
Inset shows the parallel FMR spectrum of the same sample.In Table 2 are summarized the effective magnetizations, the
intensity ratios and the average effective magnetization value for
all samples, except for that with t¼5 Å. In all cases, the Landé
factor was g¼2.12. Notice that the average 4πMeff in Table 2 is very
close to the effective magnetization (4πMeff¼9.50 kOe) calculated
for the trilayer with t¼5 Å, as predicted for strong ferromagnetic
coupling of layers having the same thickness and saturationith respect to ﬁlm plane for the NiFe(80 Å)/V(25 Å)/NiFe(80 Å) trilayer sample. The
Fig. 8. Out-of-plane angular dependence of the resonance ﬁeld of the two modes observed for the NiFe(80 Å)/V(25 Å)/NiFe(80 Å) trilayer sample. The Inset shows a zoom
around the perpendicular orientation of the applied ﬁeld.
Table 2
Ratio between the absorption intensities I1 (bottom NiFe) and I2 (top NiFe) and
effective magnetizations of the NiFe(80 Å)/V(t)/NiFe(80 Å) trilayers. The average
column shows the mean values between the 4πMeff values of the NiFe layers.
t (Å) I1/I2 4πMeff (kOe)
Bottom NiFe Top NiFe Average
10 1.10 9.60 9.30 9.45
15 1.06 9.55 9.28 9.42
20 1.01 9.65 9.37 9.51
25 1.04 9.62 9.33 9.48
30 1.05 9.65 9.35 9.50
W. Alayo et al. / Journal of Magnetism and Magnetic Materials 377 (2015) 104–110110magnetization. In both trilayer systems, we have observed ferro-
magnetic exchange coupling for ultrathin V thicknesses bellow
10 Å and no evidences of antiferromagnetic coupling were ob-
tained. This is probably due to a dominant magnetostatic coupling,
mediated by correlated interfacial roughness, over the oscillatory
interlayer coupling, which is originated by spin dependent re-
ﬂections of electrons of the spacer at the interfaces and alternates
between FM and AF coupling. However, a detailed analysis about
the origin of the exchange coupling is needed.5. Conclusions
The non symmetrical NiFe(50 Å)/V(t)/NiFe(30 Å) and the symme-
trical NiFe(80 Å)/V(t)/NiFe(80 Å) trilayer samples has been produced
by magnetron sputtering deposition and analyzed by ferromagnetic
resonance at a ﬁxed frequency and room temperature. Ferromagnetic
exchange coupling has been observed in both systems for V thick-
nesses bellow 10 Å. In the case of the non sysmmetrical samples, the
observation of the optic mode allowed for determining the exchange
coupling constant values. However, for the sysmmetrical trilayers, the
optic mode has not been observed, but the ferromagnetic coupling
was evidenced by the effective magnetizations. Evidences ofantiferromagnetic coupling have not been observed in any of the
studied systems. Trilayers with larger V layer thicknesses showed non-
exchange coupled NiFe layers, evidenced by the out-of-plane angular
dependence of the resonance ﬁelds of the FMR modes associated to
each NiFe layer, namely the top and bottom layers, indicating that the
respective magnetization vector rotates independently with the ap-
plied magnetic ﬁeld.Acknowledgments
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